We investigate the fine structure of band-edge excitons in PbSe nanocrystals and nanorods using circularly polarized magnetophotoluminescence and optically detected magnetic resonance and, based on the results, propose a singlet-triplet model of exciton photoluminescence from nondegenerate conduction and valence bands. From the data and model we extract g-factors for electrons and holes of +1.2 and +0.8, respectively. The splitting of the triplet ground state, which is responsible for the low-temperature photoluminescence, is 88 eV for nanorods, and less than 20 eV for nanocrystals. The intervalley splitting of the electron and hole levels in the nanocrystals is much larger than the electron-hole exchange interaction. DOI: 10.1103/PhysRevB.82.245303 PACS number͑s͒: 71.35.Ji, 78.67.Bf, 78.67.Qa, 78.66.Ϫw Advances in the fabrication and understanding of colloidally grown nanocrystal ͑NC͒ quantum dots and nanorods ͑NRs͒ have been driven by intense interest in their potential applications. These applications include biological labels [1] [2] [3] as well as tunable optoelectronic devices such as light emitting diodes, 4 lasers, 3,5 detectors, 6 and photovoltaics. 7-11 NCs of the lead chalcogenides ͑PbS, PbSe, and PbTe͒ offer distinct advantages for such applications. Lead chalcogenides are semiconductors with a direct narrow gap that can be tuned by quantum confinement over a range of wavelengths suited to different applications, including ones operating in the infrared transparency windows centered at 1.3 and 1.6 m, as well as planar optical waveguides, 12 in vivo imaging of biological tissue, 13 and photovoltaic conversion.
Advances in the fabrication and understanding of colloidally grown nanocrystal ͑NC͒ quantum dots and nanorods ͑NRs͒ have been driven by intense interest in their potential applications. These applications include biological labels [1] [2] [3] as well as tunable optoelectronic devices such as light emitting diodes, 4 lasers, 3, 5 detectors, 6 and photovoltaics. [7] [8] [9] [10] [11] NCs of the lead chalcogenides ͑PbS, PbSe, and PbTe͒ offer distinct advantages for such applications. Lead chalcogenides are semiconductors with a direct narrow gap that can be tuned by quantum confinement over a range of wavelengths suited to different applications, including ones operating in the infrared transparency windows centered at 1.3 and 1.6 m, as well as planar optical waveguides, 12 in vivo imaging of biological tissue, 13 and photovoltaic conversion. [7] [8] [9] The absorption spectra of lead chalcogenide ͑specifically, PbSe͒ NCs are well understood from the work by Kang and Wise. 14 But their photoluminescence ͑PL͒ properties and the fine structure of the band-edge exciton spectra, which controls these properties, are still controversial. [15] [16] [17] Lead chalcogenides have a direct gap at the L point of the Brillouin zone. The fourfold degeneracy of the L point means that the 1s ground states of both electrons and holes in lead chalcogenide NCs are eightfold degenerate ͑including spin͒, and thus there are 8 ϫ 8 = 64 transitions between bandedge excitons. In spherical NCs, these electron and hole states split into two sublevels due to the intervalley interaction, 14 as found in first-principles calculations of NC energy spectra. 16 The fine structure of these states is a complicated function of the relative strength of the intervalley interaction, the electron-hole exchange interaction, and deviations of the NC shape from spherical symmetry. The high degree of degeneracy renders fluorescence line-narrowing experiments ͓which were previously used to study band-edge excitons in CdSe NCs ͑Refs. 18-20͔͒ inefficient, highlighting the need for a different approach.
In this paper we use circularly polarized magnetophotoluminescence ͑CP-MPL͒ and optically detected magnetic resonance ͑ODMR͒ ͑Refs. 21 and 22͒ to study the fine structure of the band-edge excitons in PbSe NCs and NRs. Our results are well described by the standard singlet-triplet model of the exciton PL from nondegenerate electrons and holes, suggesting that intervalley splitting does not significantly affect the PL. Our results also confirm the much-discussed near-mirror symmetry of electron and hole spectra in PbSe NCs. Finally, we extract numerical values for the electron and hole g factors and the electron-hole exchange interaction.
We studied PbSe NCs having two basic shapes: either spherically symmetric ͑i.e., NCs͒ or slightly elongated in one direction ͑i.e., NRs͒, with diameters of approximately 4 nm. Samples were purchased from Evident Technologies as well as synthesized in-house using published techniques. 23 Transmission electron microscopy ͑TEM͒ images of two samples are shown in Fig. 1 . Sample 1 ͓Fig. 1͑a͔͒ consists of spherical NCs with average diameter 4.5 nm and size dispersion Ϯ5%. The composition of the samples was confirmed by energy-dispersive x-ray spectroscopy ͑EDS͒, whereas structure was verified by measuring the lattice constant from high-resolution TEM ͑HRTEM͒ images. Sample Figs. 1͑c͒ and 1͑d͒ at 4K. For sample 1 the full width at half maximum ͑FWHM͒ was ϳ80 meV, consistent with the size inhomogeneity determined from HRTEM. For sample 2 the FWHM was significantly larger ͑ϳ50% larger than for sample 1͒. Comparison of the PL and absorbance spectra at 4 K shows that the Stokes shift for sample 1 is significantly smaller than for sample 2. Sample 1 shows an absorption transition at 1.05 m, which has been previously identified as 1s e -1p h / 1s h -1p e , while sample 2 does not show this transition. The larger Stokes shift and PL peak FWHM observed in sample 2, and the absence of the 1s e -1p h / 1s h -1p e transition, 24 are consistent with previous results on PbSe semiconductor NRs at room temperature. 25 These features most likely arise from inhomogeneities in the NR radius which lead to localization of excitons in different parts of the NR. 26 Sample 2 also shows a weak PL peak at ϳ1000 nm ͑not shown͒ originating from the 3 nm NCs, as previously reported for NCs of this size. 24 We were able to study optical properties of NRs using sample 2 although this sample is a mixture of NRs and NCs. This is because the PL spectra of 3-nm-diameter NCs and 4.2-nm-diameter NRs are well resolved spectrally and do not overlap. Furthermore, the transmission and photoluminescence data for sample 2 ͓Fig. 2͑d͔͒ in the NR spectral region are in very good agreement with those results measured in monodisperse homogeneous NRs at room temperature. 25 This shows a quite high homogeneity of NR size and shape in sample 2.
The CP-MPL spectra were obtained by first immersing the samples in a liquid helium-bath cryostat equipped with a split-coil superconducting magnet. Magnetic fields from B = 0 to 6 T were applied parallel to the excitation and collection axis ͑the Faraday geometry͒. We used linearly polarized light from a continuous wave ͑CW͒ 532 nm doubled Nd:YAG laser to create electron-hole pairs far from the band edge and avoid optical pumping. The circular polarization of the PL light was analyzed by combining a linear polarizer with a 20 kHz photoelastic modulator set as a Ϯ / 4 retarder at 1.55 m.
We analyze our results by focusing on the degree of circular polarization, ‫ء‬ = ͑I + − I −͒ / ͑I + + I −͒, where I + ͑I − ͒ is the intensity of the right ͑left͒ circularly polarized light. Figure 2͑a͒ shows the dependence of ‫ء‬ on magnetic field for sample 2 at 5.6 K. The linear behavior indicates that the Zeeman splitting, g B B, is much smaller than k B T, and much larger than the electron-hole exchange interaction. 27, 28 Moreover, data taken at very low magnetic fields ͓Fig. 2͑a͒, inset͔ show no discontinuity around zero field, consistent with a very small exchange interaction. In a simple two-level model the polarization would be described by the Brillouin function 29 
‫ء‬ = tanh͓g B B/2k B T͔. ͑1͒
For small values of g B B / 2k B T, Eq. ͑1͒ indeed predicts ‫ء‬ to be linear in the field B, and thus a two-level model appears to describe satisfactorily the data in Fig. 2͑a͒ . But Eq. ͑1͒ also predicts that, at high temperature, ‫ء‬ is linear in the inverse temperature, 1 / T. The temperature-dependent data in Fig.  2͑b͒ show that this prediction is only borne out at very high temperatures. A more systematic test of Eq. ͑1͒ is made in Fig. 2͑c͒ , where the data from both Figs. 2͑a͒ and 2͑b͒ are plotted with respect to B B / k B T. The thin dotted curve shows the best fit of Eq. ͑1͒ to these data. The fit is unsatisfactory and thus establishes that a two-level model is not adequate after all.
The need for a different model is also evident from our ODMR results. This technique monitors the difference of the total PL intensity with and without microwave excitation, as a function of the magnetic field. 21 When the energy of the microwave photons ͑0.1 meV in our case͒ equals the Zeeman splitting of two exciton levels for a particular magnetic-field strength, a spin-flip transition occurs between the levels. Because the recombination times of the exciton levels are different, this transition alters the intensity of the PL. The ODMR data in Fig. 3 reveal a single resonance at 0.22 T for sample 2 ͑mixed NRs and NCs͒ and no resonance for sample 1 ͑only NCs͒. In a two-level model the resonance at 0.22 T would correspond to an unrealistically large g factor ͑Ͼ7͒ and nearly 100% polarization even at the low fields and high temperatures studied, in contradiction with the data of Fig. 2 .
We now show that our data can be understood within a standard singlet-triplet model, illustrated in Fig. 4 , in which the exciton ground state has a fourfold degeneracy split by electron-hole exchange interactions and by shape anisotropy. This model is appropriate because in PbSe, at the L point, electrons and holes both have spin 1/2. 30, 31 In spherical NCs the electron-hole exchange interaction splits the fourfold degenerate exciton state into a singlet state ͑J =0͒ and a threefold degenerate triplet state ͑J =1͒. 32 The wave function of the singlet state is ͉J , m J ͘ = ͉0,0͘ = ͉͑↑⇓͘ + ͉↓⇑͒͘ / ͱ 2, where ͑↑ / ↓͒ and ͑⇑/⇓͒ denote the spin projections of the electron and hole, respectively. The wave functions of the triplet states are ͉1,0͘ = ͉͑↑⇓͘ − ͉↓⇑͒͘ / ͱ 2, ͉1,+1͘ = ͉↑⇑͘, and ͉1,−1͘ = ͉↓⇓͘. In the spherical approximation, the energy difference between the singlet and the threefold degenerate triplet states would be given by the electron-hole exchange energy, ⌬ 0 . Shape anisotropy splits the ͉1,0͘ and ͉1, Ϯ 1͘ states by ⌬ and increases the energy difference between the ͉0,0͘ and ͉1, Ϯ 1͘ states to ⌬ ex . 20, 26 We note that this model assumes that both ⌬ ex and ⌬ are much smaller than the intervalley splitting of the electron and hole states. This assumption is consistent with recent first-principles calculations. 16 In the presence of an external magnetic field these four exciton levels will be split by the Zeeman terms H electron ϵ͑g e B B ជ · s ជ e ͒ and H hole ϵ −͑g h B B ជ · s ជ h ͒, where g e and g h are the g factors of the electron and hole, and s e and s h are their spin projections ͑Ϯ1 / 2͒. Figure 4 illustrates a key feature of this splitting: the two states with m j = 0 shift much faster with field than do the two states with m j = Ϯ 1. This is because the effective g factors of the ͉0,0͘ and ͉1,0͘ states are given by the sums Ϯ͑g e + g h ͒, respectively, while for the ͉1, Ϯ 1͘ states the effective g factors are given by the differences Ϯ͑g e − g h ͒. Three features of the data in Fig. 2 lead to the conclusion that g e + g h is much larger than g e − g h . ͑1͒ The absence of any level crossings ͑which would lead to nonmonotonic polarization͒ implies that g e + g h is larger than g e − g h . ͑2͒ The sign of the polarization is always negative, which implies g e Ͼ g h . Therefore both g e and g h must be positive. ͑3͒ The small polarization ͑less than 10%͒ even in large fields ͑6 T͒ and at low temperature ͑5.6 K͒ imply that g e − g h is small, and hence that g e and g h are comparable. Together, these features imply that g e + g h is much larger than g e − g h and hence that the splitting rate of the ͉0,0͘ and ͉1,0͘ states is much larger than that of the ͉1, Ϯ 1͘ states.
Although our model has four exciton levels, at low temperatures we only need to consider luminescence from the lower three levels. This is because the exchange energy ⌬ ex is several tens of meV, 15, 33, 34 rendering the ͉0,0͘ state thermally inaccessible at our experimental temperatures. Of the three remaining levels, luminescence from the ͉1,0͘ state must be linearly polarized, and hence all circularly polarized light must originate from the triplet states ͉1,1͘ and ͉1,−1͘. Triplet states are often optically passive ͑because of angular momentum selection rules͒ and it is not clear what mechanism activates them here.
By considering the thermal population of the three lower levels, we then obtain an expression for the polarization different from that of Eq. ͑1͒: where 0 T and 1 T are the exciton lifetimes from the ͉1,0͘ and ͉1, Ϯ 1͘ states, respectively. If 0 T is comparable or shorter than 1 T then Eq. ͑2͒ predicts a suppressed polarization ͓com-pared to Eq. ͑1͔͒ at low temperatures, consistent with the data in Fig. 2͑b͒ . Physically, this suppression originates from the rapid depopulation of the ͉1, Ϯ 1͘ states at low temperatures ͑or in large fields͒, which in turn arises from the fast downward splitting of the ͉0,0͘ state.
The absence of discontinuities and linear dependence of the degree of polarization at low magnetic fields ͓Fig. 2͑a͒, inset͔ indicates that ⌬ is much smaller than ϳ500 eV, the thermal energy at 5.6 K. This assumption is confirmed by replotting the NR data in Figs. 2͑a͒ and 2͑b͒ as a function of ͑ B B / k B T͒. Figures 2͑c͒ shows that the data collapse onto a single curve; the same is true for NC data ͓Fig. 2͑d͔͒. This means that the term e ͑⌬/k B T͒ in Eq. ͑2͒ is close to unity and therefore that ⌬ is much less that kT.
To obtain numerical values for g e and g h , we performed a least-squares fit of the expression in Eq. ͑2͒ to the data in Figs. 2͑c͒ and 2͑d͒. We took ⌬ to be zero, which simplifies the analysis but does not affect the results, and we constrained the g factors for the NRs and NCs to be equal. This constraint is reasonable because g factors are roughly proportional to band gaps, and the band gaps of our NRs and NCs are very similar. We allowed the ratio 1 T / 2 0 T to be different for NRs and NCs. This is because the small oscillator transition strength of the optically dark ͉1,0͘ state in spherically symmetric NCs is increased dramatically in NRs by the absence of the dielectric screening of the electric-field component parallel to the NR axis. This enhances the interaction of light with the ͉1,0͘ state, which also has a dipole moment along the rod axis. The fits are shown in Figs These conditions are independent. In principle, we therefore expect resonances at two different values of the magnetic field: a lower field B e ͑for transitions from ͉1,0͘ into ͉1,+1͒͘ and an upper field B h ͑for transitions from ͉1,0͘ into ͉1,−1͒͘. In practice, these fields are not sufficiently well separated to be resolved. Consequently we assume that the ODMR signal ͑for the NR sample͒, which is centered at B = 0.22 T, is the superposition of two resonances at B e and B h . Using the g factors obtained above, we solve Eqs. ͑3͒ and ͑4͒ to obtain ⌬ =88 eV. The resonance fields ͑for photon energy h = 100 eV͒ are B e = 0.18 T and B h= 0.26 T. These fall within the width of the broad ODMR signal and hence justify our superposition assumption. The fact that the ODMR signal for NRs is positive corroborates that 1
We did not find any ODMR resonances from spherical NCs. This suggests that ⌬ is significantly smaller than in NRs. As a result, the energy of the spin-flip transitions is less than 0.1 meV and is thus undetectable in our experiment. For the electron g factor of 1.2, the upper bound for ⌬ in spherical NCs is 20 eV.
The data reported here and the model proposed are qualitatively consistent with previous experimental work on the fine structure of PbSe NCs. 15, 17, 35, 36 Several of these works reported time-resolved PL measurements on spherical NCs. Figure 5 shows the reported temperature dependence of PL lifetimes for NCs with diameter 4.6 nm ͑the same size as in our sample 2͒, as reported in Ref. 15 , as well as for NCs with diameter close to 3.7 nm, as reported in Refs. 15 and 17. The lifetimes in all samples decrease with temperature and exhibit two plateaus. These plateaus strongly suggest that transitions between three distinct levels contribute to the PL, with the highest-lying level having the shortest lifetime ͑of order tens of nanoseconds͒ and the lowest-lying level having the longest lifetime ͑of order several microseconds͒.
In our model there are three levels in zero magnetic field. The highest-lying level is the ͉0,0͘ singlet state, the lowestlying is the ͉1,0͘ triplet state, and the intermediate level is the twofold-degenerate ͉1, Ϯ 1͘ state of the triplet. By assuming that the populations of these levels are in thermal equilibrium we find that the temperature dependence of the radiative lifetime in the absence of nonradiative mechanisms is given by
where 0 S is the radiative lifetime of the ͉0,0͘ singlet state. By fitting this expression to three sets of published data we extracted values for ⌬ ex , ⌬, 0 S , 0 T , and 1 T . These values, which are listed in Fig. 5 , are in qualitative agreement with our findings. Broadly speaking, the lifetime data suggests a highlying short-lived state ͑a bright singlet in our model͒ separated by several tens of meV ͑⌬ ex ͒ from a lower-lying longlived state ͑a triplet͒, which in turn is split by a few hundred eV͑⌬͒. Furthermore, the lifetime of the lower energy triplet state, 0 T , is longer than those of the upper ones, 1 T . The lifetime measurements give values for ⌬ ex smaller than do other experiments 33, 37 and theory, 16 and values for 1 T / 2 0 T and ⌬ larger than do our CP-MPL and ODMR results. We hypothesize that these discrepancies may originate from the influence of ligands and environment, which can alter lifetimes by creating nonradiative decay channels. 15, 35, 36 This suggestion is supported by reports, from Refs. 15 and 17, of different lifetimes for NCs of the same size ͑ϳ3.7 nm͒, as shown in Fig. 5 . The applicability of the singlet triplet-model for describing the fine structure of the band-edge excitons in spherical PbSe NCs and NRs requires a large intervalley splitting of the band-edge electron and holes states. In this case the Bloch wave functions of the ground electron and hole states are the symmetric ͑a 1 ͒ linear combinations of the four identical valleys. This approximation is valid if the intervalley splitting is significantly larger than both the electron-hole exchange interaction and the splittings that arise from asymmetry of the NCs.
In summary, we used circularly polarized magnetophotoluminescence and optically detected magnetic resonance spectroscopies to study the fine structure of band-edge excitons in PbSe NCs and ͓001͔-oriented NRs. We find that the ground exciton state is well described by a singlet-triplet model consisting of an upper bright singlet state not populated at low temperature, and an unusual optically active triplet state. Analyses of the magneto-optical data gives g factors of electrons and holes as g e = +1.2Ϯ 0.1 and g h = +0.8Ϯ 0.1, respectively.
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